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Heart: Pathophysiology of ischemia
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Ischemia of the heart is an imbalance between supply and demand
o Hypoxia is a deficiency of oxygen
o Ischemia is a deficiency of blood supply. It is not only a deficiency of oxygen, but
also nutrients and lack of clearance of metabolic waste products.
In the US, it is commonly stated that >90% of cardiac ischemia is due to atherosclerosis
of the coronary arteries and so the subject is often referred to as coronary artery
disease (CAD).
o This is a dated idea that comes from a time when disease was mostly determined
from autopsies. This meant that microscopic pathology, like hyaline
arteriosclerosis and functional pathology like endothelial dysfunction went under
appreciated.
o If autopsies are used to diagnose the commonest cause of death in diabetics, the
commonest cause is atherosclerosis of coronary arteries. If diabetics are followed
prospectively, the commonest cause of cardiac death is congestive heart failure,
which includes small vessel disease.

Determinants of tissue perfusion (in a typical outpatient with CAD):
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o O2 content:
 Hemoglobin is the only variable that is
likely to significant
o Blood flow:
 Pouiselle’s Law states that flow is proportional to r4.
A 70% occlusion leads to a decrease in flow that
causes a demand ischemia with exercise.
o Wall tension
 Laplace’s Law for the heart states that the force
needed in the ventricular wall to exceed the
resistance of the aortic valve is proportional to the
radius of the ventricular chamber and the thickness of
the wall.
 Wall tension is proportional to left ventricular enddiastolic pressure and/or volume (LVEDP/V).
 The pressure needed to open the aortic valve is
proportional to blood pressure
 With cardiac remodeling for increased afterload (e.g.
hypertension), wall tension and its increased
metabolic demands can be decreased by increasing
the thickness of the ventricular wall through
concentric hypertrophy, at the expense of stroke volume and increased
demand.
 With increased afterload (e.g. mitral regurgitation), there is eccentric
hypertrophy to increase the chamber volume. This comes at the expense of
increasing the chamber radius, which increases wall tension and demand.
o Contractility
 The force of contraction is determined by the interaction of myosin heads
with the actin active sites, regulated by troponin C and calcium.
 Intracellular calcium is regulated by the autonomic nervous system. The SNS
system stimulation of the β1 receptor increase of PKA leads to increase
calcium through the voltage-gated calcium channels and increased storage of
calcium in the smooth endoplasmic reticulum. This latter occurs by increased
activity of the SERCA and inhibition of phospholamban.
Blood supply of the heart (for more, see: Heart: gross anatomy)
o It is important to differentiate the muscular arteries with atherosclerosis and small
vessels (arterioles) with hyaline arteriolosclerosis.
o Large vessel disease can cause ischemia to a large enough volume of tissue to
cause pain (i.e. angina)
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o Small vessel ischemia tends to be asymptomatic until there is enough myocardial
damage to cause heart failure (i.e. dyspnea)
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Right coronary (RCA)
SA node
AV node
Left main
Circumflex
Left anterior descending
Diagonal
Right dominant

Regulation of blood flow to the heart
- Perfusion of myocardium occurs mostly during diastole
o Subendocardial tissue is subject to systole longer than subepicardial tissue,
making it more vulnerable to ischemia. With acute occlusion, subendocardium
dies hours before subepicardial tissue.
- Oxygen extraction is maximized at rest. All increase in supply must come from increased
perfusion.
o This is achieved through vasodilation, which can increase 4-5 fold.
A. Autoregulation (organ homeostasis)
 Metabolites
• There are multiple and they are not well understood. Adenosine is used as
the model for this action. With ischemia, ATP is converted to adenosine,
which causes vasodilation in the smooth muscle cells of the vessel wall.
• Adenosine is also a major signal for pain in ischemia.
 Endothelial cell
• Shear stress and pulsatile stretching induce the release of NO by the
endothelial cell. This diffuses into the adjacent smooth muscle cells,
causing vasodilation.
• Endothelial cells also release endothelin, which causes vasoconstriction
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B. Neurohormonal regulation (system homeostasis)
 Smooth muscle cells of the coronary arteries (in distinction from cardiac
myocytes), have both α and β adrenergic receptors, with the α receptors
causing vasoconstriction and the β receptors causing vasodilation.
 α-induced vasoconstriction predominates over β-induced vasodilation
Pathophysiology of cardiac ischemia
A. Decreased diameter of coronary artery
 Increased myocardial demand and decreased diastolic perfusion cannot be met
by increased perfusion due to arteriole dilation due to the upstream obstruction
of the artery
 A >70% coronary artery occlusion causes a demand ischemia
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 A >90% artery occlusion causes permanent ischemia (i.e. at rest)
B. Endothelial dysfunction
 Blood flow is a balance of forces. Sympathetic stimulation typically has an α1
receptor effect greater than the β1 receptor effect, causing vasoconstriction.
This is balanced by the local endothelial cell release of NO, prostaglandins and
other substances giving overall vasodilation with an increase in heart rate.
 With endothelial dysfunction, there is impaired release of local vasodilators,
leading to unopposed α1 receptor effect and vasoconstriction.
• This provides a good explanation of vasospastic angina (i.e. Prinzmetal
angina), which is commonly associated with non-occlusive atherosclerosis.
 Endothelial cells also regulate thrombosis. Their dysfunction allows platelets to
aggregate, causing occlusion and release of platelet vasoconstrictors
C. Pain
 Angina is not well understood but is generally thought to be mediated by the
release of chemicals locally. Best described is adenosine, produced when ATP is
metabolized and not reconstituted due to hypoxia. This stimulates the
adenosine receptor with signals traveling up the sympathetic afferents to the
sympathetic ganglia of the upper thoracic and lower cervical regions (T1-6, C56)
 These are interpreted as originating from somewhere from these ganglion
regions
• Most commonly this is retrosternal
• Other sites include the jaw and teeth as well of muscle of the
shoulder/neck region
 There is a large subjective component in the brain’s interpretation of these pain
signals. There is no good correlation to the severity of the pain and the severity
of the ischemia
• Patients do not usually describe “pain” per se, but discomfort of ‘crushing”,
“heaviness” or “squeezing”.
• Symptoms include other ANS features such as nausea, sweating and
bronchospasm.
D. Cellular damage (See: General Pathology: Cell Death)
 Myocytes go through the usual spectrum of reversible to irreversible change
• Acute myocardial infarction is the model disease for coagulative necrosis
 Myocytes that have been conditioned by repeated episodes of ischemia
develop the capacity to stop functioning but not die, called the “stunned” state.
• Preservation of these cells is a key reason for re-opening coronary arteries
with 1-3 hours. “Time is Muscle”.
 Chronic ischemia can induce myocytes to enter a non-functioning state called
“hibernation”. They can be restored to function by restoring perfusion.

5

© 2020, ClinicoPath LLC. All rights reserved.

www.MedicalSchoolCompanion.org
At present, stunned and hibernating myocytes can be identified by
specialized studies. If present in large enough numbers, these patients can
undergo reperfusion surgery to revive these cells and improve cardiac
function.
Clinical Pathologic correlation in cardiac ischemia (See Circulatory system: Atherosclerosis)
A. Stable plaque ↔ Stable angina
 Fixed, obstructing plaques give symptoms in relation to the degree of stenosis
• These plaques are stable as they are not prone to thrombosis. The think
fibrous cap does not tear (i.e. activating platelets) and there is little
inflammation, which weakens the plaques as the inflammatory cell
enzymes disrupt the extracellular matrix. This enzymatic action leads to
central liquefactive necrosis of the plaque.
o This necrotic material has a gross appearance of porridge, hence its
name, as “atheroma” is Greek for gruel.
 At >70% obstruction, increased demand from exceeds the ability of arteriolar
vasodilation to increase flow due to the upstream stenosis of the artery. At
>90%, ischemia is present at even rest states
 This is called fixed-threshold angina as the degree of stenosis changes only
slowly and patients know how much activity it takes to get angina.
 Demand depends on wall stress, heart rate and contractility. Although there is
no get estimate of contractility, wall stress can be estimated by blood pressure.
Angina threshold, the point at which angina occurs, can be predicted by BP X
HR, called the double product.
 The relationship is not exact as there is unpredictable response to sympathetic
stimulation due to endothelial dysfunction and flow also depends on the length
of obstruction (i.e. Pouiselle’s Law). This is called variable-threshold angina as
the vasospasm varies on any given day.
 Stable angina is characterized by:
• Induced by exercise and relieved by rest
• Is present longer that 1-2’ (non-specific chest wall pain) but less than 15’ in
duration
•

•
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B. Unstable plaque ↔ Acute coronary syndrome (ACS)
 Unstable plaques have a thin fibrous cap that is prone to tearing. This activates
platelets and leads to thrombosis.
 Severe inflammation leads to weakening of the plaque and causes large areas of
necrotic debris. These areas are prone to intraplaque hemorrhage.
 The occlusion of the vessel by unstable plaques is not due to the size of the
plaque but its predilection to thrombosis and hemorrhage.
 The relationship of inflammation and an acute occlusive event is one of the best
predictors of risk.
• C reactive protein (CRP) is an acute phase reactant produced by the liver in
response to IL-6, itself produced by inflammatory cells. CRP levels are as
good a predictor of atherosclerotic cardiovascular disease (ASCVD) events
as serum LDL levels.
• Dystrophic calcification occurs in areas of degeneration. It occurs in the
areas of vessel wall damage caused by the inflammatory cells. The
presence of this is measured in the coronary artery calcification test. This is
a specialized CT scan and is the best predictor of a patient’s ASCVD risk.
 The clinical presentation of unstable plaques is not related to the size of the
plaque but its likelihood of thrombosis or hemorrhage. Symptoms are not
related to myocardial demand
 Acute occlusion presents as chest pain (i.e. angina):
• Unrelated to exercise or rest
• Duration longer than 20 minutes and often progressive
 The family of acute occlusion in unstable plaques is called acute coronary
syndrome (ACS)
• ACS is further classified by the presence or absence of necrosis and the
extent of the necrosis (subendocardial or transmural)
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Diagnosis of Angina
 Stable angina
1. History:
• Substernal discomfort brought on by exercise and relieved by rest
or nitroglycerin
• Duration > 1-2’ but less than 15-20’
• Often radiates into jaw or arm
2. Physical examination
• Not central to diagnosis
3. EKG
• ST depression
• This is a demand ischemia and must be induced in the patient
during a challenge test (e.g. exercise, drugs, nuclear scan)
 Unstable angina (acute coronary syndrome)
1. History
• Substernal discomfort, unrelated to exercise or rest
• Duration > 20 minutes and often increasing in severity
• Myocardial infarction often has autonomic nervous system
symptoms (e.g. N&V, sweating, weakness)
2. Physical examination
• Not central to diagnosis
3. EKG
• ST depression with ischemia and subendocardial infarction
• ST depression with transmural ischemia (infarction is associated
with Q waves)
4. Cardiac-specific troponins (cTn)
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Newest generation of highly sensitive troponins can detect the
rise of enzymes as soon as one hour after necrosis
Coronary artery disease is not a primary disease of the heart. It is a disease of the
circulatory system, specifically, the arterial system.
 The entire arterial system is affected, meaning that atherosclerosis in one artery
should prompt a search for involvement in others.
 The commonest four arteries are
1. Coronary arteries
2. Carotid arteries
3. Renal arteries
4. Femoral / popliteal arteries
•

•

Aorta should also be screened to aneurysm (AAA)
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Ultrasound looking for thickening or the arterial wall is the commonest screening
technique
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Do You Know It?
Heart: Pathophysiology of ischemia
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-

Ischemia of the heart is the imbalance of the supply versus demand. Complete the
elements of each in the figure.

-

-

Describe each of the following:
o O2 content (CaO2 =____________________)
o Blood flow (Pouiselle’s Law)
o Wall tension (Laplace’s law)
o Contractility
Draw the coronary arteries on the surface of the heart

-

Draw the arteries and arterioles of the ventricular wall

-

Describe the regulation of blood flow to the heart with respect to:
o Cardiac cycle
o Autoregulation at the tissue level
o Neurohormonal regulation at the system level

-

Describe the pathophysiology of angina
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-

Describe the ischemic states of “stunned” and “hibernating” myocytes

-

Compare stable and unstable plaques, including images

-

Compare the symptoms of stable angina versus unstable angina (i.e. acute coronary
syndrome)

-

What other arteries should be evaluated after a diagnosis of angina?
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